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ABSTRACT Cryptococcosis is caused by the opportunistic pathogen Cryptococcus neoformans or by the primary pathogen Crypto- 
coccus gattii. Epidemiological studies suggest that patients infected with C. gattii mainly present with pulmonary disease, while 
those infected with C. neoformans commonly manifest meningoencephalitis. We compared the pathogenesis of the two species 
using the C. neoformans H99 and C. gattii R265 strains in a murine inhalation model. C. neoformans grew faster in the brain 
and caused death by meningoencephalitis, while C. gattii grew faster in the lungs and caused death without producing fulminat- 
ing meningoencephalitis. Despite the consistent failure to recover R265 cells from blood, a fraction of the R265 population was 
detected in the extrapulmonary organs, including the brain. Upon intravenous (i.v. ) inoculation of 10 4 cells via the tail vein, 
however, C. gattii produced severe meningoencephalitis, demonstrating that C. gattii cells can efficiently cross the blood-brain 
barrier. Interestingly, i.v. inoculation with five cells caused brain infection in only 10% of C. gatfii-infected mice, compared to 
60% of mice infected with C. neoformans. In mice that had been initially inoculated via the pulmonary route and subsequently 
challenged intravenously, a protective effect was observed only in mice infected with C. gattii. C. neoformans cells grew 10 to 100 
times faster than C. gattii cells in blood or serum collected from naive mice. The paucity of meningoencephalitis upon inhala- 
tion of C. gattii, therefore, may be partly due to an unknown factor(s) in the host's blood coupled with immune protection that 
reduces dissemination to the brain and fosters lung infection. 

IMPORTANCE While Cryptococcus neoformans is the most common cause of fatal meningoencephalitis, especially in HIV pa- 
tients, Cryptococcus gattii causes disease mainly in non-HIV patients. Clinical studies revealed that most patients infected with 
C. gattii VGII strains have lung infections with minimal brain involvement. Despite extensive clinicopathological studies on 
cryptococcosis in animal models, only a few have included C. gattii. We compared the pathogenesis of the two species in mice 
using an inhalation model. Similar to infection in humans, even though C. gattii can cross the blood-brain barrier, it failed to 
cause fatal meningoencephalitis but caused fatal lung infection. We show that growth of C. gattii in mouse blood is significantly 
slower than that of C. neoformans and that a secondary protective phenomenon, though weak, manifests itself only in C. gattii 
infection. Our study provides a model for understanding the clinicopathological differences between these two closely geneti- 
cally related pathogens. 
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The members of the Cryptococcus neoformans/ Cryptococcus gat- 
tii species complex comprise the most common fungal patho- 
gens that cause fatal central nervous system infection in humans 
and also cause infections in a wide range of mammals (1, 2). 
C. neoformans has been categorized as an AIDS-defining oppor- 
tunistic pathogen, while C. gattii is classified as a primary patho- 
gen (3). Clinical perspectives on the diseases caused by the two 
species have been well documented (4). The two species have been 
categorized into eight molecular types: C. neoformans includes 
molecular types VNI and VNII in serotype A, molecular type 
VNIV in serotype D, and molecular type VNIII in the AD hybrid, 
and C. gattii includes molecular types VGI to VGIV in serotype B 
or C (5-8). 

Among the 4 molecular types within C. neoformans, VNI is the 



most common cause of infection, occurring in approximately 
80% of cases in HIV-infected patients and also in animal infec- 
tions worldwide (9). Moreover, VNII, VNIII, and VNIV, though 
significantly less prevalent than VNI, have also been found to 
cause disease, mainly in immunocompromised patients, with the 
highest prevalence of VNIV being found in Europe (10, 11). Re- 
cently, the status of C. neoformans as an opportunistic pathogen 
was challenged by studies in Far East Asian countries reporting 
that C. neoformans, especially VNI, infects mostly non-HIV pa- 
tients with or without underlying conditions (12, 13). Whether 
susceptibility to cryptococcosis is affected by the patients' genetic 
background and whether there are unique strain-dependent vir- 
ulence factors warrant investigation. 

Although cryptococcosis due to C. gattii is endemic in Austra- 
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lia (14), the species did not receive much attention until the recent 
cryptococcosis outbreak emerged in Vancouver, Canada, in 1999 
(15). Since then, C. gattii has attracted considerable attention as a 
public health issue, and the number of research articles on C. gattii 
has been increasing. C. gattii molecular type VGI is endemic in 
Australia, with the highest incidence being found in aboriginal 
populations of the Northern part of Australia, and was the first 
molecular type to be rigorously studied (14). Detailed studies on 
the pathogenesis of C. gattii VGI were performed using a rat model 
and found that in contrast to the cases of C. neoformans infection 
which resulted in spontaneous recovery (16), all rats succumbed 
to infection. These results suggested that C. gattii is a primary 
pathogen (17). Recently, VGII has drawn more attention than any 
other molecular type of C. gattii, since it was the cause of the 
Canadian outbreak (15). As a result, literature on the epidemiol- 
ogy and pathogenesis of C. gattii molecular type VGII has accu- 
mulated rapidly (4, 10, 11, 17-20). The C. gattii genome project 
initially selected WM276, the Australian environmental VGI 
strain, and R265, the Canadian clinical VGII strain (21), for se- 
quencing. C. gattii VGIII and VGIV, two less frequently isolated 
molecular types, were also initially believed to be primary patho- 
gens (8, 9). However, recent studies in Africa (22) and North 
America (23) revealed that in contrast to VGI and VGII, the prev- 
alence of VGIII and VGIV was relatively high among isolates from 
HIV/ AIDS patients with cryptococcosis. 

While C. neoformans primarily causes central nervous system 
(CNS) infection and only 35% of C. neoformans-mfected patients 
suffer from pulmonary infection (14, 24), approximately 70% of 
the cases caused by C. gattii include evidence of lung infection ( 14, 
24). The small number of CNS infections caused by C. gattii com- 
pared to those caused by C. neoformans is even more striking when 
the disease caused by C. gattii VGII type is considered. Galanis and 
Macdougall reported that only 7.8% of cryptococcosis patients 
infected with VGII had CNS involvement (24). Recently, host re- 
sponses to C. neoformans VNI (H99) and C. gattii VGII (R265) 
were compared using the mouse model (18). That report demon- 
strated that R265 suppressed host immune responses more effec- 
tively than H99 and suggested that this finding may partially ex- 
plain why C. gattii infects immunocompetent patients more 
readily than C. neoformans (18). The fate of cells of the two species 
inoculated into mice, however, has not been compared, and the 
difference in their pathogenesis is poorly understood. Thus, we 
conducted a comparative study on pathogenesis of the two species 
using a mouse model. 

RESULTS 

Strains. The genome-sequenced strains C. neoformans H99 (VNI) 
and C. gattii R265 (VGII) were selected as representative strains 
for the following reasons: (i) both strains were isolated from clin- 
ical cases; (ii) H99 belongs to molecular type VNI, representing 
the most common opportunistic pathogenic clade, while R265 
belongs to VGII, representing a primary pathogen and the major 
strain of the Vancouver outbreak; (iii) both strains have been most 
widely used as reference strains of the two species in studies of 
genetics and pathogenesis; and (iv) the completed whole genome 
sequences of both strains are invaluable for subsequent genetic 
studies (21). 

Fulminant meningoencephalitis occurs in mice infected 
with H99 but not in those infected with R265. We first compared 
the differences in pathogenesis between H99 and R265 using an 



inhalation model by inoculating yeast cells via intrapharyngeal 
(i.p.) aspiration. A high inoculum (50,000 cells/mice) was used, 
since both species consistently killed C57BL/6 mice after infection 
with this inoculum (10, 20, 25, 26). Mice infected with either spe- 
cies began to die 3 weeks after inoculation. However, the mice 
infected with R265 died faster than those infected with H99 
(Fig. 1A) (P = 0.027). Both species produced severe pulmonary 
fungal burdens during the infection period (Fig. IB). However, 
the pulmonary fungal burden was consistently higher in mice in- 
fected with R265 than in those infected with H99 from day 3 until 
just before the time of death (Fig. IB). By 2 weeks after inocula- 
tion, lungs of the mice infected with R265 were visibly larger than 
those inoculated with H99 (see Fig. SI in the supplemental mate- 
rial). In the brain, H99 cells were detected as early as the first week 
after inoculation and reached 10 6 to 10 8 CFU/brain by the time of 
death (Fig. 1C) with severe meningoencephalitis (see Fig. S2 in the 
supplemental material). In contrast, R265 cells were not detected 
in the brain until the third week after inoculation, and only 0 to 
10 2 CFU were recovered from tissue without any sign of menin- 
goencephalitis at the time of death (Fig. 1C; also, see Fig. S2 in the 
supplemental material). Similar to the results for fungal burdens 
obtained from the brains, higher numbers of H99 CFU than R265 
CFU were recovered from spleens and kidneys (Fig. ID and E). 
Surprisingly, although yeast cells could be recovered from every 
extrapulmonary organ examined, R265 was never recovered from 
blood, even at the time of death. Blood cultured from mice in- 
fected with H99, on the other hand, yielded CFU occasionally at 
3 weeks after inoculation and consistently near the time of death 
(Fig. IF). Since no R265 cells could be recovered from blood of the 
infected mice and yet R265 cells disseminated to the extrapulmo- 
nary organs, we speculate that fungemia due to R265 occurred 
transiently and/or at an undetectable level. These data suggest that 
both R265 and H99 can exit from the lung and disseminate to 
other organs but R265 fails to establish infection in the extrapul- 
monary organs as readily as the H99 strain. 

Host immune response in the lungs of mice infected with 
R265 is minimal compared to that in mice infected with H99. A 
previous study showed that the host immune response of the lung 
to cryptococcal infection included increased numbers of activated 
macrophages, neutrophils, and lymphocytes (18). Similar results 
were found in this study. Leukocyte infiltrations in the lungs of 
mice infected with R265 were mostly minimal relative to those in 
mice infected with H99 in both early (see Fig. S3A and B in the 
supplemental material) and late (see Fig. S3C and D in the sup- 
plemental material) time points. Moreover, despite being smaller, 
R265 produced as many giant cells as H99, which was consistent 
with previous reports (27, 28). 

Results with BALB/c mice are congruent with findings in 
C57BL/6 mice. To confirm that the difference in pathogenesis 
between the two species is not mouse strain specific, we repeated 
the experiment with BALB/c mice, which were used in previous 
studies for both C. neoformans and C. gattii infections (20, 26). In 
the BALB/c strain, no difference was found in the virulence be- 
tween the two strains (see Fig. S4A in the supplemental material). 
As in C57BL/6 mice, both strains caused a progressive increase in 
the fungal burden in the lungs after i.p. inoculation, although the 
numbers were higher from day 3 to day 14 with R265 than with 
H99 (see Fig. S4B in the supplemental material). Only 0 to 10 CFU 
were recovered from the brains of mice infected with R265 with- 
out any visible lesions at the time of death (see Fig. S3C in the 
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FIG 1 Heavy brain fungal burden is found only in mice infected with H99, not in those infected with R265. C57BL/6 mice were inoculated by intrapharyngeal 
(i.p.) aspiration of 50,000 yeast cells/mouse. At least 3 mice were sacrificed at each time point for fungal load determination. (A) Survival curves were obtained 
from a study of 10 mice per group, which was independent of the time course study. (B to F) CFU in each organ at the indicated time points. Error bars show 
2 standard deviations (SD). *, P < 0.05. 



supplemental material), while fulminant meningoencephalitis 
with 10 6 to 10 s CFU was found in the brains of mice infected with 
H99 at the time of death (see Fig. S3C in the supplemental mate- 
rial; also data not shown). 



Since the fungal burden in the extrapulmonary organs was 
much lower for R265-infected mice, we investigated whether such 
a difference would be present in mice infected by a different route. 
BALB/c mice were injected intravenously (i.v.) with 50,000 cells of 
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FIG 2 R265 causes severe brain infection in an intravenous (i.v.) model. BALB/c mice were inoculated with 50,000 cells/mouse of H99 or R265 via the i.v. route. 
At least 3 mice each were sacrificed at each time point for the determination of the fungal tissue load. Survival curves (A) were generated from the results obtained 
with 10 mice per group, which are independent of the time course study (B and C). Error bars show 2 SD. *,P< 0.05. 



H99 or R265 via the tail vein. The mice infected with R265 died 
faster than those infected with H99 (Fig. 2A) (P = 0.005). Both 
strains established infection equally well in the lungs (Fig. 2B). All 
mice infected i.v. with H99 showed signs of severe brain infection 
with a high load of cryptococcal cells (Fig. 2C). Cystic lesions were 
found throughout brain sections. In contrast to mice inoculated 
via the i.p. route, mice inoculated i.v. with R265 did manifest signs 
of severe brain infection with a high load of cryptococcal cells, 
although the rate of increase of the fungal burdens was slightly 
lower than that in H99-infected mice (Fig. 2C). Interestingly, 
brain lesions showing prominent cryptococcomas with hemor- 
rhage were common with R265 but rare with H99 (see Fig. S5 in 
the supplemental material). These data clearly indicate that R265 
can invade the brain and establish infection if large numbers of 
cells are inoculated into the bloodstream. Therefore, the reason 
for the lower fungal burden in the extrapulmonary organs in mice 
infected with R265 i.p. remains to be determined. 

Intravenous inoculation of mice with low inocula causes in- 
fection more consistently with H99 than R265. In our i.p. model, 
numbers of R265 CFU in the extrapulmonary organs were signif- 



icantly lower than those for H99 and were undetectable in circu- 
lating blood (Fig. 1). We hypothesize that the lower fungal bur- 
dens of R265 in extrapulmonary organs was due to the very low 
number of circulating cells in the blood. Since R265 fungemia was 
below the level of detection (Fig. IF), we assumed that the number 
of cryptococcal cells in bloodstream was below 3 per ml. To mimic 
fungemia in i.p. infection, we inoculated very low numbers of cells 
(5 and 50 cells) of either H99 or R265 into BALB/c mice intrave- 
nously. In contrast to the result with the high inoculum (Fig. 2), 
H99 was far more virulent than R265 with 5 or 50 cells (Fig. 3). 
With the inoculum of 5 cells, as many as 9 of 1 0 mice infected with 
R265 cleared the infection, while only 4 of 10 mice infected with 
H99 cleared the infection (Table 1). Similarly, with an inoculum 
of 50 cells, H99 caused infection more consistently than R265 
(Table 1 ). These results suggest that when very low numbers of the 
cells are introduced into the bloodstream, R265 cells are less able 
to establish infection in host tissues (brain, lung, and spleen). 

Growth of R265 is inferior to that of H99 in whole blood or 
serum of mice. The low recovery of R265 from blood and reduced 
ability to cause infection in experiments using very low i.v. inocula 



4 mBio' mbio.asm.org 



May/June 2012 Volume 3 Issue 3 e00103-12 



Pathogenesis of Two Cryptococcosis Agents in Mice 



IV 50 cells 



B 





1.0- 


re 




> 




"E 


0.8- 


3 




(/) 


0.6- 






> 




'+-< 

re 


0.4- 


3 




um 


0.2- 


o 






o.o- 



~i 1 r~ 

50 100 150 
Time (days) 



1.0- 

-nH99 « 
-•^265 > 0 8 ~ 



w 0.6^ 
m 
> 

lo.4i 

3 

E 



3 

o 



0.2- 



o.o- 



200 



p = 0.024 



IV 5 cells 




-nH99 
-'"R265 



100 150 

Time (days) 



p = 0.029 



FIG 3 H99 is more virulent than R265 when mice are inoculated with very low numbers of cells i.v. Eight to ten BALB/c mice were inoculated i.v. with 
approximately 5 or 50 cells of H99 or R265, and the survival of mice was monitored. 



suggested that R265 might not survive or grow as well as H99 in 
the blood. Thus, we compared the growth rates of H99 and R265 
in whole blood as well as serum collected from naive mice in vitro. 
To mimic mammalian body conditions, both strains were incu- 
bated in blood, serum, or RPMI at 37°C with 5% C0 2 . Interest- 
ingly, H99 grew significantly better than R265 in both whole blood 
and serum (Fig. 4A and B), while both strains grew equally well in 
RPMI (Fig. 4C). In order to determine if the disparity in growth 
rates between H99 and R265 in mouse serum was related to nu- 
trient availability, cells were incubated in phosphate-buffered sa- 
line (PBS) containing 10% (vol/vol) RPMI or in serum supple- 
mented with 10% (vol/vol) RPMI. The numbers of CFU of the two 
strains were similar in PBS containing 10% RPMI after 48 h of 
incubation, but the growth difference between H99 and R265 per- 
sisted in the serum supplemented with 10% RPMI (see Fig. S6 in 
the supplemental material). We also used heated versus non- 
heated serum, and the growth difference between two strains re- 
mained in those two conditions (data not shown). These results 
indicate that the difference is not due to either nutrient limitation 
or complement differentially suppressing the growth of C. gattii. 

Intrapulmonary infection with R265 slightly enhances toler- 
ance of the mice to subsequent infection via i.v. inoculation. We 
hypothesized that the establishment of infection first in the lungs 
(by i.p. inoculations) might activate the host immune system and 
affect the ability of yeast cells to disseminate to extrapulmonary 
organs in R265-infected mice. As a result, significantly lower fun- 
gal burden in extrapulmonary organs might be found in these 



mice than in H99-infected mice. Thus, we first inoculated mice via 
i.p. with 50 yeast cells of H99 or R265 and challenged them 2 weeks 
later with 500 or 5,000 cells of the same strains i.v. (dual inocula- 
tion). The survival of the mice was monitored. The 2-week inter- 
val before the second challenge was chosen because it reflects the 
time when yeast cells start to appear in the extrapulmonary organs 
(Fig. 1; also, see Fig. S4 in the supplemental material). Compared 
to the control mice (i.e., mice that were not preinfected), the dual 
inoculation of either 500 or 5,000 cells prolonged the survival of 
R265 preinfected mice for several days but not the survival of H99 
preinfected mice (Fig. 5; Table 2). In a control group of mice 
inoculated i.p. with approximately 50 CFU of H99 or R265 with 
no subsequent i.v. challenge, all survived throughout the experi- 
ment (data not shown). These results suggest that preintrapulmo- 
nary infection with R265 may afford the mice better immune pro- 
tection than infection with H99 during subsequent exposure to 
cryptococci introduced via the intravenous route. 

DISCUSSION 

Relative to C. neoformans, C. gattii more frequently causes lung 
infections, and C. gattii VGII strains especially are less frequently 
reported to be neurotropic in the human host (4, 14, 24, 29). This 
clinical observation was confirmed by our animal experiments. 
Mice infected via the pulmonary route with H99 appeared to have 
been killed by brain infection, while those infected with R265 were 
killed by lung infection, in both BALB/c and C57BL/6 strains. 
Interestingly, while inferior to H99 in extrapulmonary dissemina- 



TABLE 1 Numbers of mice that succumbed to or cleared infection after i.v. inoculation with a very small inoculum 



Inoculum size (no. of cells) 


Strain 


No. (%) of mice that: 
Succumbed to infection 


Cleared infection and survived" 


50 


H99 


8 (100) 


0(0) 




R265 


3(38) 


5(62) 


5 


H99 


6(60) 


4 (40) 




R265 


1 (10) 


9 (90) 



" "Cleared" is defined as no CFU detected in the brain, lungs, or spleen. 
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FIG 4 Lower growth of R265 than H99 in murine blood and serum. Blood or serum was collected from naive C57BL/6 mice. Yeast cells were diluted and 
incubated in 100 jid of whole blood, serum, or RPMI with 5% C0 2 at 37°C for the indicated period, and numbers of CFU were recorded. Error bars show 1 SD. 
* P<0.05. 



tion, R265 was superior to H99 in intrapulmonary growth. This 
may be explained by stronger pulmonary immunosuppression 
with R265, as fewer inflammatory cells were present in lungs in- 
fected with R265 than in lungs infected with H99. Cheng etal. (18) 
reported similar findings with C. gattii strains, including the R265 
strain, which was isolated from Vancouver outbreak cases. All the 
C. gattii strains induced a less protective inflammatory response in 
C57BL/6 mice by suppressing neutrophil migration to the infec- 
tion sites. Cheng et al. also found that C. gattii strains failed to elicit 
the production of protective cytokines, such as tumor necrosis 
factor, in comparison with H99 (18). However, the difference be- 
tween C. gattii and C. neoformans in terms of their fate during 
infection has not been elucidated. We expanded on the patholog- 
ical differences between the two species by monitoring the fate of 
the yeast cells inoculated via two different routes. Our results sup- 
port the previous report (18), but details of the immunosuppres- 
sive mechanisms that C. gattii employs have yet to be deciphered. 

The adaptive immune response, both antibody mediated and 
cell meditated, has been proven to be essential against cryptococ- 
cal infection (30). C. gattii cannot cause fulminant meningoen- 
cephalitis upon pulmonary inoculation, although the yeast cells 
must have been released into the bloodstream, since they can cross 
the blood-brain barrier (BBB). We speculate, therefore, that the 
host may manifest stronger protective immunity against R265. 



This speculation is supported by the fact that mice infected intra- 
venously with R265 survived longer than those infected with H99 
when they had been preinfected via the pulmonary route 2 weeks 
prior to the intravenous challenge. On the other hand, when mice 
were preinfected with R265 via the pulmonary route and chal- 
lenged by intravenous inoculation after 5 days, their survival was 
not prolonged (data not shown). These findings suggest that an 
adaptive systemic immune response likely affects the dissemina- 
tion to the brain and delays the establishment of severe meningo- 
encephalitis in mice infected with R265 but not those infected 
with H99. 

Since the protective effect of dual infections was not robust 
enough to prolong survival in R265 infected mice, additional 
mechanisms may prevent R265 from causing fulminating brain 
infection. In fact, even with a single high-dose i.v. inoculum, the 
fungal load of R265 in the brains was lower than that of H99 
(Fig. 2). Furthermore, while most mice infected with a very low i.v. 
inoculum of R265 cleared the infection, the majority of mice in- 
fected with the same number of H99 cells did not (Table 1). In 
light of the consistent failure to recover R265 from the blood of 
mice inoculated intrapharyngeally (i.p.) and the poor yield of 
R265 in blood or serum cultures in vitro, it was not surprising to 
find limited numbers of CFU in extrapulmonary organs. Al- 
though the detailed immunological mechanism has yet to be in- 
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FIG 5 Preintrapulmonary infection slightly prolongs the survival of mice subsequently infected with R265 via i.v. inoculation. Five to eight BALB/c mice per 
group were used. Mice were first inoculated i.p. with approximately 50 cells of H99 or R265. After 2 weeks, the preinfected and naive mice were injected i.v. with 
approximately 500 or 5,000 cells of H99 or R265. The survival of the mice was recorded. 



vestigated, our results suggest differences in the host innate im- 
mune responses to the two species. Therefore, comparative 
studies on the detailed host immunological response to C. neofor- 
mans versus C. gattii are warranted. 

The mechanism by which C. neoformans cells cross the blood- 
brain barrier (BBB) has been studied extensively, and both direct 
transcytosis (31) and a Trojan horse mechanism (32) have been 
proposed. A recent study using intravital microscopy reported 
that crossing the BBB by C. neoformans is urease dependent, re- 
quires viability, and involves cellular deformation, which suggest 
direct invasion (33). To date, however, neither mechanism has 



TABLE 2 Comparison of median survival times of mice infected by i.v. 
inoculation and dually infected mice 







Median survival (days) 


Inoculum size (CFU) 


Infection route 


H99 R265 


5,000 


i.v. 


16 11 




Dual 


16 14 


500 


i.v. 


38 32 




Dual 


40 46 



been confirmed directly within the host. It is possible that C. neo- 
formans may use both mechanisms to cross the BBB (34) . Whether 
and how C. gattii crosses the BBB has never been studied. When 
mice were inoculated via the i.p. route, C. gattii disseminated to 
the brain far less effectively than C. neoformans and failed to cause 
meningoencephalitis despite its higher growth rate in the lungs. At 
the time of death, only 0 to 200 and 0 to 20 CFU were found in the 
brains of R265-infected C57BL/6 and BALB/c mice, respectively, 
indicating that death was not caused by a brain disease. This was 
also true even with i.v. inoculation when the inoculum size was 50 
cells or less. Since growth of C. gattii in blood or serum in vitro was 
significantly slower than that of C. neoformans, there may be a 
factor(s) in mouse blood or serum that inhibits C. gattii cells from 
multiplying and eventually reaching the brain. However, R265 
caused severe meningoencephalitis when the i.v. inoculum was 
large (50,000 cells/mouse). Even with the large inoculum, the 
brain fungal load of R265 trailed that of H99. These data suggest 
that R265 can cross the BBB and invade the brain but less effi- 
ciently than H99. The pattern of CNS infection is also different 
between the two species, since prominent cryptococcomas with 
hemorrhage were commonly observed in mice infected intrave- 
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nously with R265 but were rarely seen in those infected with H99 
(see Fig. S5 in the supplemental material; also data not shown). 

In conclusion, our study validates previous reports on clinical 
manifestations of the two agents of cryptococcosis (4): mice in- 
fected with C. gattii R265 strain via the pulmonary route died due 
to overwhelming intrapulmonary growth, while those infected 
with H99 died due to fulminating brain disease. Despite the dif- 
ferences in their clinicopathology, both H99 and R265 crossed the 
blood-brain barrier effectively and established fatal brain infec- 
tion upon intravenous inoculation. Although the growth rate of 
R265 in the blood was lower than that of H99 in vitro, this does not 
explain why mice infected with R265 via the pulmonary route 
failed to exhibit fatal meningoencephalitis. For instance, mice in- 
fected via inhalation with 50 R265 cells survived for more than 
90 days without noticeable brain lesions, while an i.v. inoculum of 
five R265 cells established fatal brain infection in 10% of mice in 
less than 30 days. It is possible that some immunological protec- 
tion resulting during lung infection provided an additional mech- 
anism^) for reducing R265 dissemination to the extrapulmonary 
organs. Thus, it can be assumed that both innate and adaptive 
immune responses are responsible for such containment of C. 
gattii. However, it is paradoxical, since R265 induces a relatively 
poor inflammatory response compared to H99 and yet can pro- 
duce more adaptive immunity. The observation that growth of C. 
gattii in the blood or serum is clearly slower than that of C. neo- 
formans raises the question of whether there are factors in mouse 
blood that actively suppress R265 but not H99 and might be fur- 
ther induced during infection. This would offer some protection 
against blood exposure to R265 but not H99. It is important to 
find anti-C. gattii compounds in serum, since the agent in ques- 
tion does not appear to be complement. We believe our results 
have laid the foundation for further in-depth studies of the host 
immune response to the two species. 

MATERIALS AND METHODS 

Strains and media. The strains H99 and R265 were chosen as representa- 
tive strains of C. neoformans and C. gattii, respectively. Strains were main- 
tained on YPD agar (2% glucose, 1% yeast extract, 2% peptone and 2% 
Bacto agar) throughout the experiment. 

Animal study. The animal experiments were carried out with the ap- 
proval and oversight of the Animal Care and Use Committee of the Na- 
tional Institute of Allergy and Infectious Diseases, National Institutes of 
Health. Six- to eight-week-old C57BL/6 and BALB/c mice were purchased 
from DCT (National Cancer Institute, NCI-Frederick, MD). Mice were 
inoculated with the designated number of yeast cells via intrapharyngeal 
(i.p.) aspiration (inhalation method) (35, 36) or tail vein (i.v.) injection. 
Briefly, yeast cells were grown in YPD broth overnight and diluted in 1 X 
phosphate-buffered saline (PBS) to the desired concentrations. In the case 
of i.p. inoculation, 20 fil of the yeast suspension was administered in- 
trapharyngeally after mice were anesthetized with isoflurane. In the case of 
i.v. injection, 200 [ii of the yeast suspension was injected into the tail vein. 
Mice were provided with food and water ad libitum, and survival was 
monitored up to 6 months. 

Organ fungal burdens. Mice were euthanized by inhalation of C0 2 or 
an overdose of pentobarbitone (200 mg/kg intraperitoneally). The lungs, 
spleens, kidneys, and brain were dissected for the analysis of CFU. Briefly, 
each organ was homogenized in PBS, diluted, and plated on YPD agar for 
colony counts. While mice were under the effect of overdose pentobarbi- 
tone, 300 to 800 jid of blood was withdrawn from heart using a needle and 
syringe containing 0.01% EDTA and then plated directly on YPD agar. 

Histology. Each organ was fixed in 4% neutral buffered formalin, 
processed, and embedded in paraffin. Tissue sections were stained with 



hematoxylin and eosin (H&E) or Grocott's methenamine silver (CMS) 
stain. The presence or absence of yeast cells, their morphology and loca- 
tion (intracellular or extracellular), and the host inflammatory response 
and the distribution of immune cells within the tissues were recorded. 

Growth in whole blood or serum. Whole blood was collected from 
naive mice via heart puncture as mentioned above. EDTA (0.01%) or 
heparin (30 IU/ml) was used as an anticoagulant for blood collection. 
Serum was collected by drawing off the supernatant after centrifugation of 
clotted whole blood at 1,300 X g for 15 min, and 10 to 100 yeast cells of 
each strain were inoculated into 1 00 (A of whole blood, serum, or RPMI in 
round-bottom 96-well plates and incubated for 24 and 48 h at 37°C with 
5% C0 2 . CFU were counted by plating the incubation mixtures on YPD 
agar. 

Statistical analysis. The t test and Kaplan-Meier survival test were 
performed using an SPSS statistics 17.0 program. 

SUPPLEMENTAL MATERIAL 

Supplemental material for this article may be found at http://mbio.asm.org 
/lookup/suppl/doi: 10.11 28/mBio.OO 103- 1 2/-/DCSupplemental. 

Figure SI, TIF file, 5.4 MB. 

Figure S2, TIF file, 1.5 MB. 

Figure S3, TIF file, 4.2 MB. 

Figure S4, TIF file, 0.2 MB. 

Figure S5, TIF file, 0.4 MB. 

Figure S6, TIF file, 5.4 MB. 
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